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ABSTRACT 

The combined laboratory and solar analysis of the highly-excited subconfigurations 
3<i 6 4s( 6 L>)4/ and 3d 6 4 : s( 6 D)5g of Fe I has allowed us to classify 87 lines of the 4/ - 5g 
supermultiplet in the spectral region 2545-2585 cm -1 . The level structure of these JK- 
coupled configurations is predicted by semiempirical calculations and the quadrupolic 
approximation. Semiempirical gf-values have been calculated and are compared to gf 
values derived from the solar spectrum. The solar analysis has shown that these lines, 
which should be much less sensitive than lower excitation lines to departures from LTE 
and to temperature uncertainties, lead to a solar abundance of iron which is consistent 
with the meteoritic value (Ap e = 7.51). 
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1. Introduction 

The spectrum of Fe I is a significant opacity source 
in spectra of the sun and cool stars, and recent stud- 
ies have illustrated the importance of highly excited 
configurations in the infrared spectrum of the sun. 
On the basis of a laboratory Fourier Transform (FT) 
spectrum Biemont ct al. (1985) published a list of 
~1200 iron lines between 1 /urn and 4.1 /im that cor- 
responded to lines in the solar spectrum. Roughly 
300 of these lines had been identified in FT spectra 
by Litzen and Verges (1976), and another 370 were 
observed in a very recent study of highly excited con- 
figurations in Fe I (Nave & Johansson 1993). The 
3g? 6 4s( 6 D)4/ subconfiguration was established from 
4c? — 4/ transitions by Johansson & Learner (1990), 
which resulted in the identification of about 200 solar 
lines in the atmospheric windows between 1.4 ^tm and 
2.1 /im. 

In this paper we present the analysis of the 
3d 6 As( 6 D)5g subconfiguration of Fe I that has been 
established by transitions to the 3e? 6 4s( 6 _D)4/ lev- 
els (Johansson & Learner 1990) using laboratory 
FT spectra. Since the excitation energies of the 
3d e 4s( e D)5g and 3d e 4s( 6 D)4f subconfigurations are 
only 0.5 to 0.8 eV lower than the ionization energy, 
7.9 eV, these very high excitation lines of Fe I pro- 
vide important information about plasma conditions. 
Even if there are slight non-LTE effects in Fe I for lev- 
els of lower excitation energies (Blackwell et al. 1984), 
lines from high excitation levels should be formed in 
LTE and should be rather insensitive to slight temper- 
ature uncertainties. The 4/ and 5g electrons do not 
significantly penetrate the 3d 6 4s core, and the posi- 
tions of the 3d 6 4s( 6 L>)4/ and 3d 6 4s( 6 D)5g subconfig- 
urations relative to the series limit can therefore be 
predicted. Both subconfigurations are best described 
in the JK coupling scheme. The 4/ — 5g lines occur in 
a narrow region of 35 cm -1 (0.056 ^m), 100 cm -1 
to the blue of the Br a (4 — 5) line of hydrogen at 
2467.75 cm -1 (4.05 /im). This region is shown in 
Fig. 1. 

The presence of 4/ — 5g lines in ground-based IR 
spectra of the sun and of a Tau (Ridgway et al. 1984) 
was first reported by Johansson et al. (1991). Most of 
the high resolution infrared atlases of the solar spec- 
trum have been obtained from ground-based obser- 
vations, and in some regions the telluric contribution 
totally obscures the lines. The solar spectrum has 
been recently obtained with the ATMOS space exper- 



iment (Farmer & Norton 1989). It is completely free 
of telluric lines, and the high resolution and signal- 
to- noise ratio allow us to make a much more detailed 
analysis of the Fe I 4/ — bg lines. Preliminary results 
have already been given by Geller (1992), Johansson 
ct al. (1993), and Schoenfeld et al. (1993a). 

2. Laboratory Observations and Analysis 

The laboratory spectrum used was recorded on the 
Fourier transform spectrometer at the National Solar 
Observatory, Tucson, and details of the experimen- 
tal setup have been described elsewhere (Learner & 
Thornc 1988). The source was a hollow cathode of 
pure iron run in 3.7 Torr of neon and a DC current 
of 1.4 A. The wavenumber resolution is 0.012 cm -1 . 
The 4/ — 5g transitions reported here are also present 
at a lower signal-to-noise on other FT spectrograms 
taken in this region. The better quality of the spectro- 
gram used in the present study appears to be mainly 
due to water cooling of the cathode in the light source. 

The spectra were reduced with the DECOMP 
program of Brault and Abrams (1989) to give the 
wavenumber, integrated intensity, width and damping 
parameter for each line. The spectra were wavenum- 
ber calibrated from 26 Ar II lines (Norlcn 1973) 
present in our visible region spectra, and the calibra- 
tion was carried into the infrared by using overlapping 
wide-range spectra (Nave et al. 1992). The calibra- 
tion constant for the spectrum used in this study was 
less than 0.001 cm -1 . The strongest, unblended lines 
in the spectrum are determined with a precision of 
^0.0005 cm' 1 , but almost all of the 4/ — bg lines are 
blended. The uncertainty of weaker lines is given by 
the full width at half maximum divided by the signal- 
to-noise and can be as much as 0.008 cm -1 for the 
weakest lines. 

Both the 3d 6 4s( 6 L>)4/ and 3d 6 As( 6 D)5g subcon- 
figurations are best represented in the JK coupling 
scheme (Johansson & Learner 1990). The gross struc- 
ture within each subconfiguration is defined by the 
fine structure splitting of the 3d 6 4s 6 D term in Fe 
II. The energy levels are then split into pairs, and the 
distribution of the centres of gravity of the pairs is de- 
scribed by a quadrupolic approximation, determined 
by the electrostatic parameter F 2 (3d,nl). If the cen- 
tres of gravity are plotted against the scalar product 
h = J c 4 of the total angular momentum of the core J c 
and the orbital angular momentum of the outer elec- 
tron I, a set of parabolas is obtained - one for each 
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value of J c . As previously noted for the D term of 
3d 6 (Johansson & Learner 1990), both bowl-shaped 
and umbrella-shaped parabolas are obtained. This is 
due to a change of the sign in the energy expressions 
for JK-coupled subconfigurations built on particu- 
lar Hund terms, which will be thoroughly discussed 
in a forthcoming paper (Schoenfeld et al. 1993b). 
The vertices of the parabolas are predicted to be at 
h = — j. In Fig. 2 we have fitted parabolas to the 
observed energy levels of 3d 6 As( 6 D)5g. The experi- 
mentally determined vertices lie from h = —0.01 to 

0. 05, and the deviations of the energy levels from the 
parabolic curve are ~ 0.02 cm -1 . In the 3d 6 As( 6 D)Af 
subconfiguration the energy levels are, with one ex- 
ception (see below), split into resolved pairs by the 
Coulomb exchange interaction, but in 3d 6 4s( e D)5g 
the pair splittings are too small to be resolved. Values 
for each energy level of a pair have been determined 
from lines in which theoretical gf-values predict only 
one transition to be important. 

The experimentally determined energy levels are 
given in Table 1. The majority have been deter- 
mined from the laboratory line list presented in Table 
2. However, a few energy levels with low J have not 
been found as the necessary lines were not present in 
our laboratory spectra. Calculated gf-values of lines 
from these levels imply that they would not be dis- 
tinguishable from the noise. The positions of these 
"missing" energy levels have been predicted from the 
parabolas in Fig. 2 and the predictions agree with a 
quadrupole moment polarization theory (Schoenfeld 
et al. 1993a). Many lines from these predicted en- 
ergy levels appear weakly in the solar spectrum, and 
this has enabled us to establish another three levels 
which arc marked with the superscript 'S' in Table 

1. The remaining two predicted levels are marked 
with the superscript 'P' and are given to two decimal 
places. Two decimal places are also given if both lev- 
els of a pair are determined by a line in the laboratory 
spectrum from which only one wavenumber is deter- 
minable. An example is the line at 2556.948 cm -1 
which is the only line determining the pair of lev- 
els 5(/(|)[-t£]. In this case neither the 4/ nor 5g pair 
splitting can be resolved. If a level is determined from 
weak or blended lines, for which the wavenumbers are 
uncertain, it is also given to two decimal places (e.g. 
5<?(i)[f])- 

We have revised the energy levels of both 
3d 6 As( 6 D)Af and 3d 6 As( 6 D)5g by using a least 
squares fitting program, and have connected them 



to the rest of the term diagram of Fe I by means 
of transitions to 3d 6 As( 6 D)Ad. The energy level val- 
ues we have obtained for the 3d 6 As( 6 D)Af levels are 
systematically higher than those reported previously 
(Johansson & Learner 1991) by ~ 0.004 cm" 1 , since 
the wavenumbers for Ad — Af transitions in our other 
set of infrared laboratory spectra are also systemat- 
ically higher than previously reported. We attribute 
this difference to the improved method of wavenum- 
ber calibration that we have used in the current spec- 
tra. Estimates of the accuracy of the levels are given 
in column 4 of Table 1, and range from 0.003 cm -1 
for levels determined from strong, unblended lines to 
0.01 cm -1 for levels determined from blended lines. 
Predicted levels are probably accurate to 0.05 cm -1 . 
However, it should be noted that these energy levels 
refer to one set of plasma and discharge conditions in 
a hollow cathode lamp, and deviations of several mK 
(lmK = 0.001 cm -1 ) may be found when comparing 
them with data obtained under other operating condi- 
tions or from other light sources. For instance, a sys- 
tematic shift of ~0.006 cm -1 is observed between the 
laboratory and solar data used in this study, where 
the laboratory wavelengths arc about 0.1 A longer 
than the solar wavelengths. This is further discussed 
in Sec. 3. 

The similar arrangement of the energy levels in 
3d 6 As( 6 D)Af and 3d 6 As( 6 D)5g means that all the 
Af — bg lines are concentrated into a narrow region 
from 2545 cm -1 to 2580 cm -1 . Almost all of the lab- 
oratory lines in this region are due to this supermul- 
tiplet, and unblended lines have a consistent width of 
0.045 - 0.050 cm -1 . All of the laboratory lines are 
also present in absorption in the ATMOS spectrum 
of the sun, as can be seen from Fig. 1. The iden- 
tified 4/ — bg lines are presented in Table 2. Table 
3 gives lines observed in the solar spectrum but not 
in our laboratory spectra that have been identified as 
Af — 5g lines by using the energy levels of table 1. 
As previously mentioned, some of these arc too weak 
to be distinguishable from the noise in the laboratory 
spectrum, but others are strong and are masked by 
neon lines. 

The reliability of the identifications in Tabic 2 can 
be seen by comparing the intensities of lines mea- 
sured in the laboratory and solar spectra (Fig. 3). 
The large scatter at low intensities suggests there are 
still unresolved blends or incorrectly fitted lines in 
both the laboratory and solar spectrum; we note also 
that the fit of the weakest solar lines is generally less 
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accurate than that for other lines. The points with 
the largest deviation correspond to regions where the 
blending is particularly severe (^2563.6 cm -1 and 
2567.8 cm -1 ). Points lying below the line indicate a 
blend with another iron line in the laboratory spec- 
trum. Points lying above the line indicate blends in 
the solar spectrum and an example of such a blend 
with a Si line is marked. Moreover, the curve of 
growth effect, which is well visible in our strongest 
solar lines, clearly explains the non-linear relation be- 
tween laboratory and solar intensities (see also section 
3). 

The ninth column of Table 2 gives log(gf) values 
for the 3d 6 4s( 6 D)Af - 3d 6 4s( 6 D)5g supcrmultiplet 
which have been calculated with the Cowan com- 
puter code (Cowan 1981). Most of them agree to 
within 1% with the hydrogenic gf- values calculated 
in the pure JK coupling scheme. The calculations 
predict that the strongest transitions are of the form 
(J c )[K]j — (J C )[K + and that no transitions 

with AJ C ^ are expected. The few differences be- 
tween the calculations and the hydrogenic gf-values 
can be traced to mixing between different 4/ levels. 
For example, calculations predict that the 4/(|)[|] 2 
at 57152.412 cm" 1 and 4/(|)[|] 2 at 57154.265 cm" 1 
are mixed, and an examination of the 4/ — 5g in- 
tensities suggests the designations of these two levels 
should be exchanged. This is confirmed by a bet- 
ter fit of the revised levels to the parabolic curve for 
the J c = (|) levels of 4/. However, even if the des- 
ignations are exchanged the calculated gf-values for 
all transitions involving these two levels are less re- 
liable. This level mixing enables | AK |= 2 transi- 
tions to occur. For example, in Table 2 the line at 
2567.683 cm" 1 arises from K=3.5 — ► 5.5, and in Ta- 
ble 3 the line at 2563.052 cm" 1 arises from the K=1.5 
— ► 3.5 transition. 

An example of mixing between a 4/ level and 
another Fe I level is illustrated by 4/(|)[|] 2 
at 57431.116 cm" 1 , which is mixed with 
3d 6 4s( 6 D)6p 5 P 2 at 57437.192 cm" 1 . This results 
in a line at 2562.206 cm" 1 due to the transition 
6p 5 P 2 -5 5 (f)[f] 2 . The transition 6p 5 P 2 - 5. 9 (|)[|] 3 
contributes to the blend in the solar spectrum at 
2563.52 cm" 1 and is probably the reason for the 
fact that 4/(|)[|] 2 - 5#(§)[|] 3 is not observed. As 
this mixing is not predicted by calculations it is not 
possible to calculate gf-values for these transitions, 
and the calculated gf-values for transitions involving 
4/(|)[|] 2 may be too large. 



3. Solar Analysis 

Between 2545 and 2585 cm" 1 more than ninety 
percent of the solar lines in the ATMOS infrared solar 
spectrum (Farmer & Norton 1989) are identified as 
Fe I 4/ — hg transitions. These relatively faint lines 
in the solar spectrum have profiles that are typical 
for highly-excited transitions: they are broad with 
very extended wings. They have almost Lorentzian 
shapes whereas profiles of faint, low-excitation lines 
are Gaussian. 

Although faint, these 4f-5g lines are very sensitive 
to the damping constants. This was shown in Fig. 3 
of Johansson et al. (1993), where we only considered 
broadening by collisions with hydrogen atoms, com- 
puted from the Unsold (1955) approximation. This 
frequently used approximation should, in principle, be 
valid for these highly excited "hydrogenic" levels. We 
found, however, that the damping constant computed 
in this way was too small to reproduce the observed 
solar lines profiles. This is also the case for lines be- 
tween levels of low excitation (see e.g. Blackwell et 
al. 1984; Holweger et al. 1991). As shown in Fig. 

4, very good agreement is obtained between synthetic 
and observed line profiles when the collisional damp- 
ing constant is multiplied by an enhancement factor 
of about 2.5. 

Even if the broadening due to collisions with neu- 
tral particles increases tremendously with the excita- 
tion energy, the Stark broadening increases even more 
rapidly. For the relatively high excitation energy asso- 
ciated with the Fe 1 4/— bg lines, the Stark broadening 
( Chang & Schoenfeld 1991; Carlsson et al. 1992) is 
only about 1/3 of the Van der Waals broadening. For 
transition arrays at even higher excitation energies, 
e.g. the 5g-6h lines of Fe I (Schoenfeld et al. 1993b), 
the Stark broadening becomes more important. 

We have fitted synthetic line profiles to the ob- 
served solar spectrum in the region of the Fe I 4/ — 5g 
lines between 2545 and 2585 cm" 1 using the photo- 
spheric model of Holweger & Miiller (1974), together 
with a microturbulcnt velocity of 1 km/s. An ex- 
ample of our fit is shown in Fig. 5, together with 
the relevant portion of the laboratory spectrum. We 
have used a solar iron abundance of Ap e = 7.51 (in 
the usual scale, Ap e — \og(Np e /NH) + 12.0), which is 
the meteoritic value (Anders & Grevesse 1989). Re- 
cent investigations by different authors (Holweger et 
al. 1990; Holweger et al. 1991; Biemont et al. 1991; 
Hannaford et al. 1992) have shown that the photo- 
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spheric abundance of iron agrees with the meteoritic 
value. 

We have been forced to apply a somewhat larger 
Doppler correction to the solar 4/ — 5g Fe I lines than 
in the case of CO lines (see Fig. 5 in Farrenq et 
al. 1991) and of low excitation Fc I lines. The solar 
wavenumbers of our 4/ — 5g Fe I lines, which are given 
in the fifth column of table 2, have been corrected 
by a total Doppler shift of 66 mK instead of about 
60 mK as found for other low excitation solar lines. 
We are unable to attribute this additional shift of 
about 6 mK to conditions in the solar photosphere. 
It is more likely to be due to pressure shifts in the 
hollow cathode; calibration problems would also affect 
the low excitation lines (Nave et al. 1992). Stark 
shifts in the hollow cathode, which can be as large as 
30 mK in certain lines of neon (Chang et al. 1993), 
are calculated to be less than 1 mK for the 4/ — bg 
lines of Fe I. 

Our "astrophysical gf- values" , derived from the 
ATMOS solar spectrum and the meteoritic iron abun- 
dance, are given in the seventh column of Table 2. 
The best solar line profiles are marked by an asterisk 
in the last column. Some additional solar lines (such 
as Si I, CH and OH and other, as yet unidentified 
lines from Geller (1992)) were simulated through ar- 
tificial metallic lines and fitted to the observations. 
"Astrophysical gf-values" for lines not present in the 
laboratory spectrum are given in the fifth column of 
Table 3 together with calculated gf-values in column 
7. 

Good agreement is found between solar-derived gf- 
values and the calculated gf values, as can be seen 
from Fig. 6 where log(gf) is plotted against the log 
of the calculated gf-value. Most of the points lie on a 
well-defined line, which proves the consistency of the 
set of calculated gf-values. Based on the best selected 
solar lines, the solar-derived gf values are systemati- 
cally somewhat smaller than the calculated values by 
a mean amount of about -0.10±0.05 dex. Although 
this could be due to the adopted solar abundance of 
iron, the difference is more likely due to uncertain- 
ties both in the calculated and solar gf-values. The 
main uncertainties of our solar-derived gf-values are 
due to the adopted damping constants (which require 
a rather large enhancement factor of about 2.5) and 
to an uncertainty in our measured intensities (due to 
a possible error of a few percent in the zero intensity 
level and also to the difficulty of determining the true 
local continuum in the solar spectra). The discrep- 



ancy between solar and theoretical gf values quoted 
hereabove is the highest possible value obtained when 
adopting the lowest possible continuum value. There- 
fore the general agreement remains within all experi- 
mental and theoretical combined errors. 

It is interesting to compare the 3d 6 As( 6 D)4f - 
3d 6 4s( 6 D)5g supermultiplct in Fe I with the 3s4/ - 
3s5g multiplct in Mg I, for which extensive solar at- 
mosphere modelling has been carried out (Chang et 
al. 1992). There, the hundred or so lines in only 
one Fe I supermultiplet are reduced to a few blended 
lines in one 1 F - 1 G and one 3 F — 3 G multiplet in 
Mg I. The Mg line cores were found to be formed at 
a height of 350 km (above t 50 o=1). Since Mg and Fe 
have comparable ionization potential and abundance, 
the weaker Fe I lines are expected to be formed lower 
in the solar atmosphere. Our calculations show that 
the center of the strongest Fe 4/ — hg lines are formed 
at a height of ^240 km, with the weaker lines formed 
deeper (~175 km) in the solar atmosphere, at about 
the same height as the fainter Mg I lines (e.g. 5f — 7g). 

4. Conclusions 

We have classified 87 lines of the Fe I 
3d 6 4s( 6 D)4f-3d 6 4s( 6 D)5g supermultiplet by com- 
bining laboratory and solar data with theory. We 
have established all but two of the 58 levels in the 
3d 6 As( 6 D)5g subconfiguration, 53 from laboratory 
FT spectra, and three from the solar spectrum. Both 
configurations are best described using the JK cou- 
pling scheme. All the classified lines strictly obey the 
AJ C = rule, but we have found some violations of 
the other rule, | AK |< 1. These are caused by mixing 
of certain levels of the same J c and J, but of different 
K in the 4/ subconfiguration. Besides this level mix- 
ing, the 4/ subconfiguration is also subject to con- 
figuration interaction with 3d 6 is( 6 D)6p 7 due to the 
accidental coincidence of 6p 5 P2 level and 4/ (§)[§] 2- 
The 5g configuration is found to be in JK coupling 
without any mixing whatsoever. 

All of the lines in the 3d 6 4s( 6 L>)4/-3d 6 4s( 6 L>)5.9 
supermultiplct that we have observed in the labora- 
tory are also present in the solar spectrum and ac- 
count for more than 90 % of the lines between 2545 
and 2585 cm -1 . We have calculated semi-empirical 
gf-values for most of the identified lines and have com- 
pared these with gf-values derived from the solar spec- 
trum. From these 4/ — bg lines, which we expect to be 
much less sensitive than lower excitation lines to de- 
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partures from LTE and to temperature uncertainties, 
we have determined a solar abundance of iron which 
is consistent with the meteoritic value (Ap e = 7.51). 
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Table 1 — Continued 
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4 


60196.429 


.007 


(1.5)[3.5] 


3 


60196.42 


.01 


(1.5)[2.5] 


3 


60192.14 s 


.01 


(1.5)[2.5] 


2 


60192.14 


.01 


(0.5) [4.5] 


5 


60309.69 


.01 


(0.5) [4.5] 


5 


60309.70 


.01 


(0.5)[3.5] 


4 


60309.711 


.006 


(0.5) [3.5] 


3 


60309.717 


.005 



a Levels are marked in JK nota- 
tion: [J C )[K]. 

p Predicted level value (see text). 

s Level value derived from solar 
spectrum 



Table 2 
4/ - 5.g lines observed in fe i 



Laboratory Data Solar Data Identification Comments 8 



I a width b X air ai <T S I log(gf) d Sa c log(gf) c Transition'' 

/mK / A /cm -1 /cm -1 /mK /mK 4/ 5g 



1.0 


56 


39274.98 


2545.456 


.462 


1.98 






39274.98 


2545.456 






1.0 


31 


39256.54 


2546.652 


.636 


1.56 






39256.54 


2546.652 






2.0 


81 


39245.13 


2547.392 


.392 


2.60 






39245.13 


2547.392 






2.5 


64 


39227.14 


2548.561 


.567 


2.38 


4.8 


59 


39166.76 


2552.489 


.486 


4.97 






39166.76 


2552.489 


.496 




1.5 


37 


39147.83 


2553.724 


.724 


2.08 


5.4 


47 


39119.70 


2555.560 


.563 


6.78 


2.4 


47 


39116.28 


2555.784 


.782 


2.98 


1.8 


37 


39113.03 


2555.996 


.996 


2.95 


7.4 


49 


39101.86 


2556.726 


.726 


8.56 


38.2 


56 


39098.46 


2556.948 


.947 


18.5 






39098.46 


2556.948 






1.1 


43 


39089.30 


2557.547 


.55 


2.0 






39089.30 


2557.547 






3.4 


65 


39081.53 


2558.056 


.05 


5.16 


1.0 


54 


39059.73 


2559.484 


.48 


0.78 


1.2 


46 


39054.63 


2559.818 


.82 


3.18 


3.0* 


41 


39020.17 


2562.079 


.095 


12.22 






39020.17 


2562.079 






8.0* 


45 


39019.59 


2562.117 


.127 




0.6 


34 


39018.24 


2562.206 


.21 


0.97 


2.7 


82 


39015.94 


2562.356 


.349 


2.23 






39015.94 


2562.356 






10.9 


54 


38999.81 


2563.416 


.420 


10.5 


6.2* 


43 


38998.05 


2563.532 


.52 


4.12 






38998.05 


2563.532 






1.0* 


46 


38996.23 


2563.651 


.655 


1.86 


8.1* 


47 


38994.34 


2563.776 


.779 


11.4 






38994.34 


2563.776 






1.1* 


42 


38993.15 


2563.854 


.85 


0.94 


1.6* 


43 


38992.14 


2563.920 


.90 


2.09 


18.7 


45 


38979.21 


2564.771 


.770 


15.3 






38979.21 


2564.771 






2.7 


47 


38972.11 


2565.238 


.238 


5.06 


7.5 


43 


38970.59 


2565.338 


.338 


8.77 






38970.59 


2565.338 






1.0 


42 


38968.21 


2565.495 


.500 


1.33 


13.3 


44 


38966.47 


2565.609 


.610 


12.2 


3.2 


53 


38964.72 


2565.724 


.723 


2.45 






38964.72 


2565.724 






2.1 


46 


38955.22 


2566.351 


.347 


5.33 



0.11 


-3 


0.16 


(4-5)[1.5]°- 


(4.5) 


[1.5]i 


* 




-0.56 


-6 


-0.51 


f a k \ Ti rln 

(4.5)[l.5]f- 


(4.5) 


[1.5] 2 


* 




-0.37 


16 


-0.24 


(a r-\r-i fin 

(4.5)[1.5]f- 


(4.5) 


[0.5] 1 






-0.10 


1 


0.03 


(4.5)[1.5]f- 


(4.5) 


[0.5] 






-0.67 


9 


-0.52 


(4.5)[l.5]°- 


(4.5) 


[1.5]i 


* 




0.27 


6 


0.43 


(4.5)[1.5]°- 


(4.5) 


[1.5] 2 


* 




0.27 


1 


0.42 


(4.5)[l.5]°- 


(4.5) 


[0.5] 1 






0.34 


3 


0.44 


(4.5) [7.5]°- 


(4.5) 


[7.5] 8 


* 




0.28 


-7 


0.38 


/ A f \ l"p»T Kin 

(4.5) [7.5]?- 


(4.5) 


[7.5] 7 


* 




0.21 


1 


0.32 


(4.5)[2.5]°- 


(4.5) 


[3.5] 3 


* 




0.85 


1 


0.94 


(1.5)[3.5]°- 


(1.5) 


[4.5] 4 


bl. 


OH 


0.37 


1 


0.47 


(4.5)[2.5]°- 


(4.5) 


[2.5] 2 


* 




0.37 


1 


0.46 


(4.5) [2.5]°- 


(4.5) 


[3.5] 4 


* 




0.97 


1 


1.04 


(1.5)[3.5]|- 


(1.5) 


[4.5] 5 


* 




0.99 


2 


1.26 


(4-5) [7.5]?- 


(4.5) 


[8.5] 8 


* 




1.04 


1 


1.31 


(4.5) [7.5]°;- 


(4.5) 


[8.5] 9 


* 




0.17 


3 


0.17 


(4.5)[2.5]°- 


(4.5) 


[1.5]i 


bl. 


Si 


-0.82 





-0.81 


(4.5)[2.5]°- 


(4.5) 


[1.5] 2 


bl. 


Si 


0.63 





0.63 


(4.5) [2.5]°- 


(4.5) 


[2.5] 3 






-0.12 


-5 


-0.17 


(1.5)[2.5]°- 


(1.5) 


[2.5] 2 






0.40 


-3 


0.35 


(4.5) [2.5]°- 


(4.5) 


[1.5] 2 






0.77 





0.87 


(2.5) [3.5]°- 


(2.5) 


[4.5] 4 






-0.44 


5 


-0.34 


(3.5) [0.5]°,- 


(3.5) 


[1.5]i 






0.85 


-1 


1.01 


(2.5) [4.5]°- 


(2.5) 


[5.5] 5 






-0.05 


6 




/ f\ 7— \ \ Si ^ 7— \f"t 

(6 jD ) 6p 5po 


(2.5) 


[2.5] 2 






0.31 


15 


0.31 


(2.5)[4.5]I- 


(2.5) 


[4.5] 4 


* 











(2.5) [4.5]°- 


(2.5) 


[4.5] 5 


* 




1.05 


-2 


1 1 n 

1.10 


(2.5)[4.5] 5 - 


2.b l 


[5.5J 6 


* 




0.59 


-11 




(2.5)[3.5]°- 


(2.5) 


[5.5] 5 


AX=2 


0.59 


2 




( 6 D)6p 5 P 2 °- 


(2.5) 


[3.5] 3 






0.20 


1 


0.37 


(2.5)[4.5]g- 


(2.5) 


[4-5] 5 






0.87 


-5 


0.97 


(2.5) [3.5]°- 


(2.5) 


[4-5] 5 


* 




0.69 


4 


0.79 


(1.5)[2.5]1- 


(1.5) 


[3-5] 3 


* 




-0.10 


-11 


0.21* 


(3.5)[1.5]°- 


(3.5) 


[1.5] 2 






0.25 


8 


0.27 


(3.5)[6.5]g- 


(3.5) 


[6.5] 6 






1.08 


-2 


1.21 


(3.5)[6.5]§- 


(3.5) 


[7.5] 7 


* 




0.85 


1 


0.97 


(0.5) [3.5]^- 


(0.5) 


[4.5] 4 


* 




0.61 


1 


0.61 


(4.5) [3.5]°- 


(4.5) 


[4.5] 4 


bl. 


Si 


0.26 


-9 


0.30* 


(3.5)[2.5]°- 


(3.5) 


[2.5] 2 


* 




0.88 


1 


0.92 


(1.5)[2.5]§- 


(1.5) 


[3.5] 4 


* 




0.05 





0.25 


(3.5)[1.5]f- 


(3.5) 


[2.5] 2 


bl. 


OH 


1.10 





1.27 


(3.5)[6.5]?- 


(3.5) 


[7.5] 8 


* 




0.08 


6 


0.07* 


(3.5) [2.5]^- 


(3.5) 


[1.5] 2 






-0.05 


6 


-0.06* 


(3.5)[2.5]°.- 


(3.5) 


[1.5] 4 






#74 


1 


0.84 


(0.5)[2.5]§- 


(0.5) 


[3.5] 3 


* 





Table 2 — Continued 



Laboratory Data Solar Data Identification Comments 6 



ja 


width b 
/mK 


\ 

"air 
1 1 

/A 


e>7 

/cm -1 


os 
/cm -1 


I 

/mK 


log(gf) d 


5a c 
/mK 


log(gf)° 




Transition' 
4/ 5. 9 






.4 


oo 


ooyoz. ou 


9CCC C.90 
zOOO.OzO 


con 
.OoU 


10 q 
lo.o 


O C7 

U.O ( 


1 
1 


79 

U. ( z 


(A C. 
^4.0 


[3.5]!- 


[4.5] 


I 4 -5] 5 






£2 1 
o.l 


A P. 
4o 


ooyoz.uo 


9CCC CC1 
ZOOO.001 


.OOU 




90 

U.zU 


1 9 
lz 


0.7 

U.O 1 


^z.O 


[2.5]|- 


[2.5] 


[2.5] 3 










ooyoz.uo 


9CCC C.C1 
ZOOO.001 


^7n 
.0 / u 




09 
u.yz 


U 


1 A7 


(C\ C. 

l^u.o 


[3.5]!- 


[0.5] 


[4.5] 5 






9 £ 
Z.O 


01 


ooyoi .04 


zOOO.oyo 


coo 
.Ooz 




n 07 
-u.u / 


1 

1U 


n 99 

-U.zz 


(C\ C. 

l^u.o 


[3.5]!- 


[0.5] 


[3.5] 4 






A 

0.4 


/1Q 
4y 


qoQcn AO 

ooyou.4y 


9^RR RR9 
zOOO.OOz 


.00 


f\ ftp* 
O.Oo 


8^ 
U.oO 


1 
1 


n Q/i 
u.y4 


(ft K 
^U.O 


[2.5]^- 


[0.5] 


[3.5] 4 






o.U 


/l 7 
4 ( 


QQG/I 9 99 
ooy4Z.ZZ 


9CC7 907 
ZOO f .zU I 


900 
.ZUy 


q on 
o.yu 


011 
U.ll 


n 
u 


O R1 

u.01 


(A c. 
(^4.0 


[3.5]^- 


v 4 -5; 


[3.5] 3 






9 1 

Z.l 


A 7 
4 f 


ooy41 .Do 


9CC7 9/1R 
ZOO f .Z40 






O QO 
U.oU 


A 

u 


O 7R 

u. 1 


/'Q c. 
l^o.O 


[3.5]§- 


[3.5] 


[4.5] 4 






Z.O 


OU 


OQQO7 QQ 

00 Jo 1 .yy 


/ISC 

ZOO / .4o0 


.4oo 


z.yo 


n /in 

U.4U 


9 
Z 


n 7n 
u. * u 


^O.O 


[2.5]|- 


[3.5] 


[3.5] 4 






A 7 
4. ( 


A 7 
4 I 


ooyoo.y * 


zOO / .oiy 


R9 
.Oz 


*2 ^7 
O.O / 


/IQ 

u.4y 


A 

u 


^1 
u.01 


^0.0 


[3.5]|- 


[3.5] 


[3.5] 3 


* 




*2 1 
O.l 


A 9 
4Z 


ooyoo.ui 


9CG7 coo 
zOO / .000 


.OoU 


A ^ 
4.00 




U.OO 


A 
U 




fQ ^ 
^O.O 


[3.5]!- 


[3.5] 


[5.5] 5 




A 9 


10.4* 


07 
* 


QQO'29 7Q 

ooyoz. 1 


9CC7 Q90 

ZOD / .ozy 


.00U 


O 9Q 

y.zo 


O RR 
U.OO 


9 
Z 


U.oo* 


/'Q c. 
I^O.O 


[3.5]!- 


[3.5] 


[4.5] 5 


1)1 


in lab 


1.1* 


9Q 
Zo 


ooyoz.io 


9CC7 Q7fl 
ZOO / .0 ( U 


.oOU 




O RC. 
U.OO 


c 



O 

U.OO 


^z.O 


[2.5]|- 


[2.5] 


[3.5] 4 






o.o* 


DO 


OOQOI 07 

ooyol.o I 


0CC7 0.99 

zoo / .y zz 


Q9 
.yz 


9 

z.ou 


U.OO 


A 

U 


n ^r 

U.OO 


^o.O 


[2.5]^- 


[3.5] 


[2.5] 3 






*2 52* 
o.o* 


QS2 


QRG9G A 1 

ooyzy .41 


zOOo.UOZ 


.UOU 


*2 9^ 
o.ZO 


A K 
U.40 


Q 
-y 


n 9°. 

-U.zo 


^o.O 


[3.5]°,- 


[3.5] 


[2.5] 2 


* 








Q&G9G A 1 

ooyzy .41 


occo ac.9 
zOOo.UOZ 






A 

U. 


1 /I 

- 14 




^o.O 


[3.5]|- 


[3.5] 


[2.5] 3 


* 




u.y 


9/1 
Z4 


ooyzo.yo 


9CCQ 91 /I 
ZOO0.ZI4 


900 

.zuu 


l.oo 


OIO 
U.ly 


9 
-z 


u.01* 


/'Q c. 
l^O.O 


[3.5]!- 


[3.5] 


[3.5] 4 






1 7 

i . * 


QQ 
00 


Q°.G9fi C\A 
ooyZ0.U4 


9^fiQ 97/1 
zODo.z ( 4 


9Q0 
.zoU 


m 

Z. 1U 


O 99 
U.zz 


A 
U 


O 90^ 
U.zU* 


^9 C. 
l^z.O 


[2.5]|- 


[2.5] 


[2.5] 2 










Q°.G9fi C\A 
ooyZ0.U4 


9^fiQ 97/1 
zODo.z ( 4 






n c.q 

-U.OO 


A 
-4 


n 7c.^, 
-U. / 0* 


l^z.O 


[2.5]1- 


[2.5] 


[2.5] 3 






Z.o 


9*2 
Zo 


00Q09 7c 

ooyzz. 1 


OCfiO /|Q1 

zODo.4y 1 


/1Q9 
.4yz 


o.uo 


n ^9 

U.Oz 


A 
U 


n 79 
u. ( Z 


(A ^ 
^4.0 


[3.5]!- 


[4.5] 


[3.5] 4 


* 








oonoo 7c 
00 JZZ. l 


zODo.4y 1 






n 1 9 
-u. 1Z 


9 

-z 


nR 
u.uo 


(A ^ 
^4.0 


[3.5]!- 


[4.5] 


[3.5] 3 


* 




9 7 
Z. ( 


/17 
4 ( 


ooni /] no 

ooy 14. yo 


zODy .UU * 




9 QQ 

z.yo 


n /in 

U.4U 


/I 

-4 


/I K 
U.40 


^0.0 


[5.5]g- 


[3.5] 


[5.5] 5 


* 




Q 7 


/I S2 
4o 


ooni n 
ooy 1U.00 


9CGQ 90c 
zODy .zyo 


9QQ 
.zyy 


1 n 99 

1U. zz 


1 nn 

1 .UU 


9 
-Z 


1 nfi 

1 .Uo 


^0.0 


[5.5]g- 


[3.5] 


[6.5] 6 


* 




9 ^ 

z.o 


A *2 
4o 


qoQfir; c.9 

ooyuo.oz 


9CGQ C90 
zODy .Ozy 


R9^ 
.OzO 


Z.Oo 


n 1^ 

U.OO 


c 



u.yo* 


^0.0 


[4.5]!- 


[3.5] 


[5.5] 5 


* 




ft "2 
o.o 


*2Q 

oy 


oonno /17 
ooyUo.4 ( 


zODy . * 04 


77/1 
. / / 4 


A 7Q 
4. / 


n R9 

U.Oz 


1 9 
-1Z 


U.04* 


^0.0 


[4.5]!- 


[3.5] 


E 4 -5] 4 


Dl 


in lab 


9 1 
Z. 1 


/l *2 
4o 


oooyy .0 * 


9C7n 091 
ZO / U.Uzl 


.UZ4 


Q 9Q 
0.Z0 


n a k 

U.40 



-0 




U.OO 


^0.0 


[5.5]°- 


[3.5] 


[5.5] 6 






I 1 S2 

I I .o 


00 


qoono 1 Q 
oooyo. iy 


9C7n 110 
zO / U.llo 


119 
. 1 1Z 


1 n 

1U.0U 


1 n/i 

1 .U4 


1 
1 


11/1 

1.14 


^z.O 


[5.5]S- 


[2.5] 


[6.5] 6 


* 




1*2 1 
lo.l 


^7 
f 


oooyo. 10 


9C7n Q1 Q 
zO / U.olo 


■?1 ■? 


1U. 10 


1 nn 

1 .UU 


9 

-z 


1 it; 
1.10 


^0.0 


[5.5]g- 


[3.5] 


[6.5] 7 


* 




9 7 
Z. f 


/1 1 
41 


oooni co 
oooyl.OO 


9C7n c^n 
zO / U.OOU 


.000 


9 71 
Z. / 1 


n 9/i 

U.Z4 


9 

-z 


n 97 
U.z < 


(A ^ 
^4.0 


[3.5]!- 


v 4 -5; 


[2.5] 3 


* 








38891 58 


2570 550 






0.14 


-1 


0.20 


(2.5 


[1.5]?.- 


[2.5] 


[1.5] 2 


* 




8.9 


52 


38884.60 


2571.011 


.011 


21.0 


1.42 





1.02 


(3.5 


[4-5]!- 


[3.5] 


[5.5] 6 


bi 


Si 


16.9 


54 


38882.47 


2571.152 


.153 


13.5 


0.44 


-2 


0.59 


(3.5 


[4.5]§- 


[3.5] 


E 4 -5] 5 


* 








38882.47 


2571.152 






1.06 





1.21 


(2.5 


[5.5]g- 


[2.5] 


[6.5] 7 


* 




6.0 


34 


38873.56 


2571.741 


.741 


8.78 


0.97 





1.07 


(1.5 


[4.5]!- 


[1.5] 


[5.5] 5 


* 




4.0 


53 


38872.34 


2571.822 


.82 


4.01 


0.57 


1 


0.68 


(2.5 


[!-5]2- 


[2.5] 


[2.5] 3 






0.6 


19 


38865.90 


2572.248 


.24 


2.57 


0.37 


5 


0.13 


(2.5 


[5.5]|- 


[2.5] 


[5.5] 5 


bi 


Si 


14.1 


33 


38856.33 


2572.882 


.884 


8.77 


0.92 


1 


1.15 


(1.5 


[4.5]|- 


[1.5] 


[5.5] 6 


bl 


in lab 


4.0 


52 


38852.39 


2573.142 


.142 


3.39 


0.42 





0.57 


(4.5 


[6-5]§- 


v 4 -5; 


[6.5] 6 






1.5 


50 


38850.23 


2573.286 


.285 


1.75 


0.20 


2 


0.20 


(2.5 


[5-5]§- 


[2.5] 


[5.5] 6 






12.4 


53 


38827.83 


2574.770 


.770 


10.72 


0.99 





1.14 


(4.5 


[6.5]°.- 


v 4 -5; 


[7.5] 7 


* 




5.8 


44 


38824.95 


2574.961 


.962 


6.43 


0.72 


-1 


0.82* 


(4.5 


[4.5]!- 


v 4 -s; 


[5.5] 5 


* 




8.2 


56 


38821.81 


2575.169 


.170 


6.28 


0.71 


-1 


0.91 


(4.5 


[4.5]|- 


v 4 -s; 


[5.5] 6 


* 




2.8 


35 


38816.49 


2575.522 


.519 


4.11 


0.51 


3 


0.66 


(4.5 


[6.5]?- 


v 4 -s; 


[6.5] 7 


* 
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Table 2 — Continued 



Laboratory Data Solar Data Identification Comments 8 



p 


width b 








I 


log(gf) d 


8<j c 


log(gf) c 


Transition* 






/mK 


/A 


/cm -1 


/cm -1 


/mK 




/mK 




4/ 5g 




.2 


45 


38803.83 


2576.363 


.359 


4.80 


0.58 


5 


0.67* 


(4.5)[4.5]I-(4.5)[4.5] 4 


* 


6.2 


64 


38800.84 


2576.561 


.564 


5.85 


0.68 


-3 


0.75 


(4.5)[4.5]g-(4.5)[4.5] 5 




2.2 


46 


38799.23 


2576.668 


.663 


3.02 


-0.17 


11 


0.00 


(2.5)[0.5]?~(2.5)[1.5]i 








38799.23 


2576.668 






0.32 


7 


0.49 


(2.5)[0.5]f-(2.5)[1.5] 2 




15.6 


53 


38792.07 


2577.143 


.143 


12.18 


1.06 





1.20 


(4.5)[6.5]?-(4.5)[7.5] 8 


* 


10.1 


53 


38770.95 


2578.547 


.547 


8.13 


0.84 





0.99 


(4.5)[5.5]g-(4.5)[6.5] 6 


* 


4.0 


45 


38767.21 


2578.796 


.796 


5.08 


0.61 





0.68 


(4.5)[5.5]g-(4.5)[5.5] 6 


* 


10.9 


49 


38737.93 


2580.745 


.747 


9.86 


0.94 


-1 


1.06 


(4.5)[5.5]g-(4.5)[6.5] 7 


* 


5.0 


48 


38734.17 


2580.996 


.994 


5.94 


0.68 


2 


0.72 


(4.5)[5.5]g-(4.5)[5.5] 6 




0.6 


17 


38713.34 


2582.385 


.388 


1.28 


-0.02 


-3 


-0.02 


(4.5)[5.5]g-(4.5)[4.5] 6 


bl. Si 



a Intcnsity in arbitrary units. An asterisk marks unresolved lines. In the case of unresolved multiple components (in 
laboratory and solar spectra), the total intensity of the blend is only given in the row relative to the first component. 

b Full width at half maximum of line in FT spectra. Units are mK (lmK = 0.001 cm -1 ) 

c Diffcrence between laboratory wavenumber and that derived from the energy levels in table 1. 

d log(gf) value derived from the solar line intensity (with the solar equivalent width I in mK). 

c Calculated log(gf) value. An asterisk marks mixed levels for which the calculation is unreliable. 

f The 3g? 6 4s( 6 Z?)4/ configuration has been abbreviated as 4/, and 3d 6 4s( 6 Z?)5(/ as 5g. Levels are given in JK notation: 
(J C )[K], where J c is the J value of the parent level. 

s An asterisk marks a good solar line profile. Blends with other solar lines are indicated. 
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Table 3 

Additional 4/ - 5g lines derived from the energy levels and observed in the solar spectrum 



Solar Data Identification Comments 







0- s 


I 


log(gf) s b 


6<i c 


l0g(gf) c d 




Transition 




/A 


/ever 1 


/ever 1 


/mK 




/mK 






4/ 5 5 




39302.12 


2543.698 


.690 


0.86 


-0.17 


8 


-0.13 


(4.5 


[1.5]f-(4.5)[2.5] 2 




39142.79 


2554.045 


.047 


1.15 


0.05 


-2 


-0.01 


(1.5; 


[3.5]§-(1.5)[3.5] 3 


* 


39124.99 


2555.214 


.224 


1.51 


0.17 


-10 


0.11 


(1.5; 


[3.5]2-(1.5)[3.5] 4 


Ne 


39035.87 


2561.043 


.053 


0.98 


-0.02 


-5 


0.00 


(1.5; 


[2.5]1-(1.5)[2.5] 3 




39032.65 


2561.229 


.230 


2.02 


0.27 


-1 


0.30 


(2.5; 


[3.5]§-(2.5)[3.5] 3 


* 


39007.02 


2562.916 


.908 


2.42 


0.35 


8 


0.43 


(2.5; 


[3.5]2-(2.5)[3.5] 4 


* Ne 


38945.30 


2567.004 


.010 


1.06 


-0.01 


-6 


-0.99* 


(2.5; 


[2.5]^-(2.5)[1.5]i 


* 


38945.24 


2567.008 








-2 


-1.61* 


(2.5; 


[2.5]§-(2.5)[1.5] 2 


* 


38812.82 


2575.766 


.774 


0.68 


-0.29 


-8 


-0.29 


(4.5 


[6.5]?-(4.5)[5.5] 6 


* 


38809.11 


2576.017 


.015 


0.85 


-0.09 


2 


-0.09 


(1.5; 


[4.5]2-(1.5)[4.5] 4 




38874.28 


2578.326 


.326 


1.53 


0.06 


2 


0.06 


(4.5; 


[4.5]l-(4.5)[3.5] 3 


* 



a Wavenumber and wavelengths derived from the energy levels in table 1. 
b log(gf) value derived from solar spectrum. 

c Difference between wavenumber in solar spectrum and that in column 2. 

d Calculated log(gf) value. An asterisk marks mixed levels for which the calculation is unreliable. 

c The 3d 6 4s( 6 _D)4/ configuration has been abbreviated as 4/, and 3d 6 4:s( 6 D)5g as 5g. Levels are 
given in JK notation: (J C )[K], where J c is the J value of the parent level. 

f An asterisk marks a good solar line profile. 'Ne' indicates the line is masked by a neon line in the 
laboratory spectrum. 
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Figures 



1. Region of 4/ — 5g transitions in Fe I. The up- 
per section gives the solar spectrum (in absorp- 
tion), and the lower section the laboratory spec- 
trum (in emission). The two broad lines at 
2555.13 cm" 1 and 2562.78 cm" 1 in the lab- 
oratory spectrum are neon lines. Some of the 
stronger 4/ — 5g lines are marked by dotted 
lines. 

2. Partial energy level diagram of Fe I showing 
the 3d 6 4:s( 6 D)5g energy levels arranged in the 
JK coupling representation. The ordinate is 
h = \{K(K + 1) - J C (J C + 1) - 1(1 + 1)}. The 
curves are parabolas fitted to the observed en- 
ergy levels (circles) for each value of J c . 

3. Comparison of observed solar equivalent widths 
and laboratory intensities for 3d 6 4s( 6 £>)4/ - 
3d 6 4s{ 6 D)5g lines. The point marked 'bl. Si' 
is a blend of a 4/ — 5g line and a Si line in the 
solar spectrum. 

4. Comparison of observed and calculated solar 
line spectra with enhancement factors of 2 
(top), 2.5 (middle), and 3 (bottom) for the col- 
lisional damping constant. The effect of an in- 
crease of the enhancement factor is clearly seen 
in Fe I 3d 6 4s( 6 L>)4/-5g line profiles. 

5. Section of the solar spectrum(top) with a fitted 
synthetic spectrum indicated by dashed lines. 
The laboratory spectrum is shown below. The 
majority of lines in this section are due to Fe I 
and, with a few exceptions, can be assigned to 
the 3d 6 4s( 6 Z?)4/-3d 6 4s( 6 J D)5 ff supermultiplet. 

6. Comparison of calculated gf- values and gf- 
values derived from the solar spectrum for 
3d 6 4s( 6 L>)4/ - 3d 6 4s( 6 D)5 ff lines. Only the 
best, unblended solar lines (marked * in the last 
column of table 2) are included. 
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